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a b s t r a c t   
This work presents a pendulum kinetic energy harvester with a unique mechanical motion rectifier design 
which uses a string-driven rectifier (SDR) with just a single clutch to convert bidirectional input oscillation 
of a pendulum to the unidirectional rotation of a DC motor to produce electricity. Unlike typical mechanical 
rectifiers which use two clutches, this rectification system has no gearing, minimising the complexity and 
weight of the rectifier for the energy harvester. Through experimentation, the energy harvester was found 
to have a normalised average power output of 4.39 W/g2 and a normalised average power density of 5.85 W/ 
g2/kg when excitation was applied at the 1.5 Hz resonant frequency with a 0.75 kg pendulum mass. This 
corresponds to a normalised average voltage production of 55.47 V/g. Time-domain analysis of the trans-
ducer showed the successful operation of the SDR. By selectively harvesting kinetic energy during different 
stages of the pendulum motion, the kinetic energy of the pendulum mass was extracted while the stored 
potential was preserved and converted to kinetic. This allowed a high pendulum velocity to be maintained, 
while the rectified input motion generated a single polarity voltage from the DC motor. The construction of 
this system has advantages over existing designs by reducing the complexity of rectification mechanisms, 
providing an alternative approach to mechanical motion rectification for pendulum vibration energy har-
vesters. 
© 2021 The Authors. Published by Elsevier B.V. 
CC_BY_4.0   
1. Introduction 
The applications and demand for low-frequency vibration energy 
harvesters continue to become ever greater with the increasing 
prevalence of battery powered portable electronics and the persis-
tent developments in autonomous vehicles and remote sensors re-
quiring localised power sources. Small-scale vibration energy 
harvesting transducers can take many forms, including piezoelectric  
[1–3], triboelectric [4–6], and electromagnetic designs [7–9], al-
though there remains a need for the improved viability of devices 
capable of operating in low frequency environments such as the 
0.5–3.5 Hz range found on the ocean surface [10]. At the multi-watt 
level, electromagnetic transducers have been utilised to harvest ei-
ther linear [11–13] or rotational [14–16] motion, by direct-drive or 
through inertial excitation. Early examples of simple inertial vibra-
tion energy harvesters come from Rome et al. [17], who developed a 
linear device capable of harvesting energy from a backpack during 
human walking, and from Toh et al. [18,19] whereby a rotary 
pendulum was used to harness vibration from ocean waves. In both 
cases, input motion was transmitted directly through a rack and 
pinion to generate rotational motion of a DC motor generator to 
produce electricity. This arrangement meant that the generator 
would stop and reverse direction in time with the input excitations. 
More recent energy harvesters of this type have incorporated me-
chanical rectifier systems designed to maintain unidirectional rota-
tion of the output DC motor in order to improve energy conversion 
efficiency [20]. Marszal et al. [21] implemented a basic version of 
this through the use of a single one-way clutch between a pendulum 
and a motor, creating a half-wave mechanical rectifier with the 
pendulum only driving the output in one direction. The drawback of 
this design is the limited power generation due to the long down-
time between engagement and disengagement of the clutch and 
motor output, which causes a loss of motor speed and hence limits 
the energy conversion efficiency. In order to improve upon this, 
many transducers have used two one-way clutches in various ar-
rangements to rectify both directions of an input excitation into a 
single unidirectional rotational output. The use of this type of rec-
tification is common in direct-drive linear transducers, such as those 
used in railway tracks and vehicle suspensions [22,23], and these 
concepts can be applied to inertial devices as well. One such device 
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was presented by Liang et al. [24], which used clutches mounted 
within driven bevel gears to fully rectify the oscillatory motion of a 
pendulum. This system is effective at rectifying the rotation of the 
pendulum mass; however, an alternative design by the present au-
thors [25,26] demonstrated a significantly higher power density, 
incorporating a mechanical rotation rectifier system comprised of 
spur gears. These two devices both use the minimum number of 
gears possible to achieve the desired rectification, and yet these 
gearing systems still add significant mass and volume to the energy 
harvesters. 
This work presents an alternative approach to mechanical recti-
fication of pendulum vibration energy harvesters, introducing a 
system capable of converting bidirectional input motion to the 
unidirectional rotation of a DC motor using a rectifier with just a 
single clutch and no gearing. By taking advantage of the singular 
direction of rotation of a pulley when an attached string is pulled, a 
string-driven rectifier (SDR) has been designed to capture the kinetic 
energy of a pendulum during the time for which its angular dis-
placement is increasing. Since frictional losses are minimal, by not 
harvesting during the return swing of the pendulum, the remaining 
potential energy from the mass can be converted to usable kinetic 
energy, allowing the pendulum to maintain a high velocity. This 
novel design has the potential to reduce the complexity and weight 
of vibration energy harvester rectifiers and can be applicable to any 
such harvester where displacement may be used to create an ex-
tension of the string. 
2. Designed pendulum energy harvester with SDR 
Fig. 1 shows the overall design of the pendulum energy harvester 
with SDR. The device consists of a pendulum frame, mass, pendulum 
arm, SDR rectifier assembly, and a geared DC motor. The pendulum 
arm is fixed to a shaft which is held by two bearings to form the 
central pivot. At the end of the arm is the pendulum mass, an input 
vibration causes the mass to gain inertia which leads to rotation of 
the pendulum arm about the pivot. The high tensile strength braided 
drive string is also fixed at one end to the pendulum arm in the same 
location as the mass, with the other end located within the rectifier 
assembly. As shown in Fig. 2, the string is always extended when the 
pendulum is displaced from its resting position, regardless of the 
direction of travel. The working mechanism of the SDR is shown in  
Fig. 3. The return spring is connected at its outer end to the inside of 
the drive pulley, with the inner end of the spring fixed to the clutch 
housing. Within the clutch housing, the one-way clutch is mounted 
via an interference fit, with the output shaft fixed on the inner race 
of the clutch in the same way. The output shaft is hollowed at its 
end, such that the geared DC motor shaft is mounted within it and 
held by a small grub screw. The body of the geared motor is then 
secured to the rectifier housing via three fixing bolts. The DC motor 
used is a Maxon A-Max 22 mm brushed DC motor, mounted to a 
Maxon 19:1 22 mm planetary gearhead (Maxon Motor UK Ltd., 
Berkshire, UK). This combination was chosen for its high efficiency, 
as well as the low stall-torque of the motor and high torque cap-
abilities of the gearhead. 
As shown in Fig. 4, the pulley rotates in the clockwise direction 
when the magnitude of the displacement of the pendulum is in-
creasing (Fig. 4(a & c)). During this clockwise rotation, the clutch is 
engaged which rotates the output shaft to drive the geared DC motor 
while at the same time compressing the return spring. In this way, 
the DC motor is only driven during the periods for which the kinetic 
energy of the mass is being converted into potential energy. When 
the displacement of the pendulum is decreasing (Fig. 4(b & d)) and 
the mass travels towards the central position, the string is no longer 
being extended so the clutch freewheels and the tension of the re-
turn spring is releasing which rotates the drive pulley in the antic-
lockwise direction, maintaining tension on the string. This means 
that the DC motor is no longer driven, which reduces the damping 
on the system and allows the mass to maintain its stored potential 
and convert it to kinetic energy during this stage of motion where 
the pendulum velocity is increasing. Due to the limited friction in the 
system during disengagement, most of this energy is conserved, and 
hence there is minimal loss from not having full rectification of the 
input motion. 
This conservation of potential energy allows the pendulum arm 
to maintain a high speed throughout operation. Therefore, this 
simplified, compact rectifier is able to successfully convert kinetic 
energy from a pendulum system into electrical energy, using 
minimal components with no gearing, including just a single one- 
way clutch. Another benefit of this rectifier design, as seen in  
Figs. 2–4, is that it simply requires an extension of a string. Unlike 
many existing mechanical rectifiers which can harvest from either 
rotational or linear motion, but not both, this system is capable of 
converting almost any mechanical displacement into unidirectional 
rotation of the DC motor generator. 
3. Mathematical description of the pendulum energy harvester 
with SDR 
To simplify the mathematical analysis, the schematic of the SDR 
pendulum is shown in Fig. 5. The pendulum system is comprised of a 
pendulum mass, mM , fixed to a pendulum arm with a length of lM
which rotates about its centre of rotation, O, when a harmonic 
horizontal excitation of A tcos( )f is applied. The end of the pen-
dulum arm is connected by a string to a pulley centred at point P 
with a radius rP . This pulley contains a return spring and clutch such 
that it drives the output to harvest the kinetic energy of the pen-
dulum mass only in the clockwise direction while the magnitude of 
the angular displacement of the pendulum arm is increasing (i.e., 
when moving away from the vertical equilibrium position). When 
the magnitude of displacement of the arm is reducing (i.e., when it 
moves towards vertical), the clutch freewheels and the string is able 
to retract under tension from the return spring, allowing the gath-
ered potential energy of the mass to be converted to kinetic to 
maintain a high speed of the pendulum arm. The freewheeling of the Fig. 1. Overall design of pendulum vibration energy harvester with SDR.  
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clutch, and therefore decoupling of the pendulum mass and DC 
motor rotations, can be summarised as occurring under the fol-
lowing conditions:  
1) n nP G GB< (The DC motor is rotating faster than the output 
shaft, so is no longer driven)  
2) 0> & 0< (The pendulum arm is rotating clockwise, towards 
the y-axis position) 
3) 0< & 0> (The pendulum arm is rotating anticlockwise, to-
wards the y-axis position) 
where is the rotational velocity of the pendulum arm, GB is the 
rotational velocity of the DC motor, and nP and nG are the equivalent 
gear ratios of the arm/pulley and gearhead, respectively. 
The system can therefore be described by the following differ-
ential equations during the coupled and decoupled stages of op-
eration: 
Coupled 
J J n n J n c c c kl( ) ( )M G P G GB P E MP MG M
2 2 2+ + + + + + +
m l g sin m l cos A tcos( )M M M M f= (1)  
Decoupled 
J c m l gsin kl m l cos A tcos( )M MP M M M M M f+ + + = (2)  
J n n J n c c( ) ( ) 0G P G GB P E MG
2 2 2+ + + = (3) 
Fig. 2. Pendulum operation at different locations, demonstrating extension of the string (a) where θ = 0, with no extension of the string, (b) clockwise rotation of the pendulum, 
with extension of the string, and (c) anti-clockwise rotation of the pendulum, also with extension of the string. 
Fig. 3. Working mechanism of the string-driven rectifier.  
Fig. 4. Pendulum at different stages of motion, showing engagement and disengagement of the clutch.  
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where JM , JG, and JGB are the rotational inertia of the pendulum mass, 
DC motor generator and gearhead, respectively, cE is the electrical 
damping, and cMP and cMG are the mechanical damping of the pen-
dulum side and geared motor side of the system, respectively. k is 
the spring constant of the torsion return spring. Due to the nature of 
the stiff braid used, the drive string can be treated as inextensible, 
thus providing direct power transfer from the pendulum arm to the 
pulley when the clutch is engaged. 
When is small, the undamped resonant frequency of the pen-
dulum, n, can be described as: 








It can be seen from Eq. (4) that the addition of the spring con-
stant, k, increases the restoring stiffness of the system, which is 
m L g klM M M+ , thus increasing the natural frequency of the device. 
Despite having just a single clutch, the string mechanism allows 
the device to harvest kinetic energy in both clockwise and antic-
lockwise directions. The key difference between this system and a 
typical two-clutch mechanical rotation rectifier [25,26] is that it 
harvests only the kinetic energy of the pendulum on the upswing, 
while permitting the pendulum to move unimpeded as it travels 
back towards the y-axis by not harvesting from this motion. This 
allows the mass to maintain all its gathered potential energy from its 
amplitude and, since negligible frictional losses are assumed, the 
pendulum, therefore, has access to a similar amount of energy as a 
two-clutch rectifier while simplifying the overall construction. In 
addition, while this work is focussed on a pendulum device, the 
excitation could come from any source which could lead to an ex-
tension of the string, in which case the same mathematical princi-
ples would apply. If this SDR design were to be implemented for 
other such applications where scaling may be required, it is known 
from Eqs. (1)–(3) and from previous works [25] that the power 
output of a pendulum energy harvester is directly proportional to 
the pendulum mass. This allows for larger masses to be used where 
greater power is desired, but it is important to note that this would 
also require the use of a larger clutch and gearhead, to handle the 
increase in torque, and a larger motor capable of converting greater 
amounts of energy at the typical operating speed of the system. At 
greater loads, the tensile strength and stiffness of the drive string 
should also be considered, as to withstand the increased stress and 
limit strain which could affect the overall stiffness of the system. 
For comparison, the pendulum without the SDR can be modelled 
and simulated. The equivalent system without the inclusion of the 
clutch and spring can be described by the following equation: 
J J n n J n c c( ) ( )M G P G GB P E M
2 2 2+ + + + +
m l g sin m l cos A t( ) ( ) cos( )M M M M f= (5) 
where cM is the mechanical damping coefficient for the system, 
which has significant influence on the power generation of har-
vesters; the optimal electrical damping cE for this system at re-
sonance, which determines the power generation capability of the 
harvester, can be written as: 
Fig. 5. Schematic of the string-driven rectifier pendulum vibration energy harvester.  
Fig. 6. (a) Experimental setup for the energy harvester, and (b) SDR pendulum energy harvester.  
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It is worth noting that the pendulum without the SDR requires 
the DC motor and gearhead to be placed at the pivot of the pen-
dulum to allow for power transfer, whereas the SDR pendulum has 
an advantage in terms of design flexibility as the SDR system can be 
located away from the pendulum where required. 
4. Experimental methods 
Fig. 6 shows the experimental setup for the SDR pendulum en-
ergy harvester. The harvester was mounted to the top of an APS 113 
long stroke shaker (Techni Measure Ltd., Doncaster, UK), which was 
powered by an APS 125 amplifier (Techni Measure Ltd., Doncaster, 
UK). The amplifier input signal was derived from a Tektronix 
AFG3022C Function Generator (Tektronix UK Ltd., Berkshire, UK), 
which was set up to produce a harmonic signal. To monitor the ac-
celeration of the shaker table, a Kistler 8762A5 accelerometer (Kis-
tler Instruments Ltd., Hampshire, UK) was mounted to it, with the 
signal measured through National Instruments DAQ hardware (Na-
tional Instruments, Austin, Texas) and recorded using NI LabVIEW 
computer software. The output terminals of the energy harvester’s 
DC motor were connected in parallel to a variable decade resistor, 
with the voltage across this load measured and recorded in the same 
way. By monitoring the output voltage across a known electrical 
resistive load over a period of time, the total energy production and 
thus the power output of the device were calculated. The overall 
parameters of the device are shown in Table 1. 
The optimal loading condition for the energy harvester was de-
termined through a comparison of the normalised power output of 
the device under different external load resistors. For this experi-
ment, a vibration was applied to the energy harvester at its resonant 
frequency of 1.5 Hz with an acceleration of 0.264 g rms. To calculate 
the average power output, the energy extracted from the device was 
measured over a period of 10 s and divided by the number of sec-
onds. This was then divided by the square of the input acceleration 
to give the normalised average power density. Fig. 7(a) shows the 
results of this load testing, demonstrating an optimal resistor value 
of 700 Ω which was then used for the remaining experiments.  
Fig. 7(b) shows the performance of the energy harvester when 
subjected to frequencies in the range of 1.0–2.5 Hz. This confirms the 
resonant frequency of 1.5 Hz, which is higher than typical pendu-
lums of this size [25]. This is because the inclusion of the return 
spring increases the restoring stiffness of the device, and thus 
Table 1 
Pendulum energy harvester parameters.     
Energy Harvester Parameter Value Units  
Motor nominal voltage 36 V 
Motor no-load speed 9800 rpm 
Motor rotor inertia 4.09 g.cm2 
Motor speed constant 274 rpm/V 
Motor torque constant 34.8 nNm/A 
Motor terminal resistance 60.1 Ω 
Gearhead gear ratio 19.34:1 – 
Ratio between the radius of the pendulum 
arm and the pulley of SCR 
5.27:1 – 
Pendulum mass 0.75 kg 
Length of pendulum arm 0.158 m 
Dimensions of harvester 290(H)x120(W) 
x220(D) 
mm 
Fig. 7. Normalised average power output of the energy harvester (a) under different external loads at ωf = 1.5 Hz and acc. = 0.264 g rms, and (b) with varying frequency at the 
optimal load of RL = 700 Ω, along with actual average power output with displacement amplitude of 150 mm peak-to-peak. 
Fig. 8. Normalised average voltage output of SDR energy harvester at different fre-
quencies, with RL = 700 Ω, compared with simulation results of energy harvester 
without SDR with corresponding optimal loads. 
Fig. 9. Normalised average voltage output of energy harvester at different fre-
quencies, with RL = 700 Ω. 
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increases the natural frequency above what would usually be ex-
pected of a pendulum of this length. Due to the amplitude of the 
excitation being maintained at the maximum displacement of the 
shaker, the acceleration of this vibration changed with frequency. 
Therefore, the power output was normalised to give an accurate 
representation of the capabilities of the device under different am-
bient conditions. From these results, the maximum normalised 
average power output was shown to be 4.39 W/g2, which gives a 
normalised average power density of 5.85 W/g2/kg with a 0.75 kg 
inertial load. 
To understand the harvester with SDR, comparison with the 
same device without the SDR system is made and the simulation 
results based on Eqs. (5) and (6) have been shown in Fig. 8, de-
monstrating the effect of the SDR on power output. The results of the 
non-SDR pendulum are shown with different levels of mechanical 
damping coefficient within the expected range of 0.3–0.6, with each 
result simulated using the corresponding optimal external load as 
determined by Eq. (5). As expected, the SDR pendulum has a higher 
resonant frequency than the non-SDR system, which has a resonance 
of 1.15 Hz, due to the increased stiffness caused by the return spring. 
The corresponding normalised power output without SDR device 
can be higher or lower than the harvester with SDR, demonstrating 
the importance of the damping coefficient design for the harvester 
SDR. In order to generate high normalised power from the harvester 
without SDR, the damping coefficient has to be minimised, though 
this is difficult to control in practice. The corresponding normalised 
average voltage output of the SDR device is shown in giving a 
maximum value of 55.47 V/g. (Fig. 9). 
To verify correct operation of the device under harmonic ex-
citation, the time domain behaviour of the energy harvester was 
tested and analysed. Fig. 10 shows the voltage output and total 
cumulative energy produced by the DC motor at both the 1.5 Hz 
natural frequency and at a frequency away from the resonance of 
2 Hz. Comparing the voltage from Fig. 10(c & d) to the input ac-
celeration in Fig. 10(a & b), it can be seen that the voltage reacts as 
expected from the SDR. As shown in Fig. 11, when the acceleration 
is increasing from zero to a positive peak, the voltage is in-
creasing, which shows the engagement of the clutch and there-
fore driving of the DC motor. Likewise, when the acceleration is 
decreasing from zero towards a negative peak, the same occurs. 
Any other time, while the acceleration is decreasing in magni-
tude, which corresponds to the pendulum moving towards zero 
displacement, the voltage drops showing disengagement of the 
clutch. Therefore, the SDR is effectively rectifying the pendulum 
motion as intended. From Fig. 11(b), it can be seen that the vol-
tage begins to drop prior to disengagement of the clutch. This is 
due to the speed of the pendulum arm falling below that of the 
geared DC motor, so the inner race of the clutch is freewheeling 
despite the outer race still being engaged by the string. Fig. 10 
(e & f) show the cumulative energy generated by this voltage 
waveform, demonstrating the consistent power output of the 
device over time. 
Fig. 10. Time domain inputs and outputs of the energy harvester: (a) and (b) input accelerations at ωf = 1.5 Hz and ωf = 2 Hz; (c) and (d) voltage outputs at ωf = 1.5 Hz and ωf = 2 Hz; 
(e) and (f) total cumulative energy at ωf = 1.5 Hz and ωf = 2 Hz, respectively. 
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5. Conclusion 
This work has presented a unique approach to energy harvester 
mechanical rectification design to simplify pendulum vibration en-
ergy harvesters and reduce their weight. By designing, prototyping 
and testing this novel concept, the effectiveness of the system has 
been validated. The use of a string as the driving instrument for a 
gearless, single-clutch, pulley-driven rectifier allows for bidirectional 
rectification of an input in order to unidirectionally drive a DC 
motor; something which typically requires multiple clutches and 
large and heavy gearing. Empirical evaluation of this device shows a 
maximum normalised average power output of 4.39 W/g2, and a 
corresponding normalised average power density of 5.85 W/g2/kg, at 
a resonant frequency of 1.5 Hz with a 0.75 kg inertial mass. From 
these results, the maximum normalised voltage output of the energy 
harvester was measured to be 55.47 V/g. Through time-domain 
analysis of the voltage output from the transducer, it was shown that 
the device is capable of successfully rectifying the motion of the 
pendulum, in either direction, to the unidirectional rotation of the 
output DC motor during the phases for which the acceleration of the 
device is increasing in magnitude. This allows for kinetic energy to 
be extracted from the system while enabling potential energy to be 
conserved and converted to kinetic to preserve a high rotational 
speed of the pendulum arm. This design has the potential to be 
applicable to a range of pendulum vibration energy harvesters 
where it is important that complexity, size and weight are kept to a 
minimum. 
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